Abstract Ibuprofen is amongst the most worldwide consumed pharmaceuticals. The present work presents the first data in the occurrence of ibuprofen in Portuguese surface waters, focusing in the north area of the country, which is one of the most densely populated areas of Portugal. Analysis of ibuprofen is based on pre-concentration of the analyte with solid phase extraction and subsequent determination with liquid chromatography coupled to fluorescence detection. A total of 42 water samples, including surface waters, landfill leachates, Wastewater Treatment Plant (WWTP), and hospital effluents, were analyzed in order to evaluate the occurrence of ibuprofen in the north of Portugal. In general, the highest concentrations were found in the river mouths and in the estuarine zone. The maximum concentrations found were 48,720 ngL −1 in the landfill leachate, 3,868 ngL −1 in hospital effluent, 616 ngL −1 in WWTP effluent, and 723 ngL −1 in surface waters (Lima river). Environmental risk assessment was evaluated and at the measured concentrations only landfill leachates reveal potential ecotoxicological risk for aquatic organisms. Owing to a high consumption rate of ibuprofen among Portuguese population, as prescribed and nonprescribed medicine, the importance of hospitals, WWTPs, and landfills as sources of entrance of pharmaceuticals in the environment was pointed out. Landfill leachates showed the highest contribution for ibuprofen mass loading into surface waters. On the basis of our findings, more studies are needed as an attempt to assess more vulnerable areas.
Introduction
In the last years, pharmaceuticals have become a class of emerging contaminants in aquatic ecosystems which attracted an increasing concern (Richardson 2010) . The presence of pharmaceuticals in the environment, even at sub-therapeutic concentrations (ngL ), could represent a potential threat to public health (Daughton and Ternes 1999; Stackelberg et al. 2004) . Excretion by humans and animals, disposal of unused medicines (out-of-date or unwanted) through the sink/toilet, hospital effluents, Wastewater Treatment Plants (WWTP), livestock, aquaculture, and pharmaceutical production facilities effluents have been pointed out as representative sources of continuous entrance of pharmaceuticals in the environment (Santos et al. 2010; USEPA 2006) . In order to try to constrain the problem, European Union (EU) and U.S. Food and Drug Administration (FDA) authorities have established environmental risk assessment studies as a prerequisite to obtain marketing authorization for new medical products (Santos et al. 2010) .
Ibuprofen, 2-(4-isobutylphenyl) propionic acid is a nonsteroidal anti-inflammatory drug (NSAID) widely used when an inflammatory component is present and in the treatment of pain and fever (Méndez-Arriaga et al. 2008) due to its activity on the cyclooxygenase (COX) pathway. It has a large consumption rate, being the third most popular pharmaceutical in the world, with an annual global production reported in kilotons (Ali et al. 2009 ). Because of its wide usage, the worldwide occurrence of ibuprofen in the aquatic environment has been reported in several studies (Kim et al. 2007; Lin and Tsai 2009; Nakada et al. 2006; Pailler et al. 2009; Roberts and Thomas 2006; Thomas and Foster 2004; Verenitch et al. 2006; Weigel et al. 2004a) . High contributions of hospital and WWTP effluents as contamination sources have been portrayed, with concentrations that could reach some hundreds of micrograms per liter (Hilton and Thomas 2003; Kosma et al. 2010; Verenitch et al. 2006) . It is worth of mentioning that Spain reports one of the highest levels of contamination (Bueno et al. 2009; Gómez et al. 2007; Gómez et al. 2006; Hernando et al. 2006 ). Due to its high consumption rate combined with its high environmental detection and toxicity for aquatic organisms, given that the COX enzyme has a major role in the synthesis of eicosanoids, which are important regulators of reproduction in both vertebrates and invertebrates (Hayashi et al. 2008) , it is expected that chronic exposure to ibuprofen in water environment could affect reproduction of aquatic animals (Flippin et al. 2007; Han et al. 2010) . Therefore, in June 2010, the European Commission included ibuprofen in a shortlist of 19 possible new priority substances, and it is considering whether to set limits on the handful of this drug commonly found in aquatic ecosystems (SCHER 2011) .
In what concern to Portugal, the increasing global consumption rate tendency has been followed and, according to the last available data of the Portuguese Medicine Regulatory Agency (INFARMED), ibuprofen consumption has been increasing during the last decade, moving from the 15th to 8th position in the sales ranking, with more than 2 millions of prescriptions in 2009 (INFARMED 2012) . Besides medical prescription, ibuprofen can also be found in the Portuguese market as an over-the-counter (OTC) medicine, which increases even more its consumption at households. Up to now, there are just a few studies focused in environmental contamination by pharmaceuticals in Portugal, covering different water samples, namely hospital effluents Seifrtova et al. 2008) , WWTPs influents Salgado et al. 2010; Seifrtova et al. 2008; Sousa et al. 2011; Teixeira et al. 2008 ) and effluents Salgado et al. 2010; Seifrtova et al. 2008; Sousa et al. 2011) , and river waters Madureira et al. 2009; Madureira et al. 2010; Pena et al. 2007; Ribeiro et al. 2009a; Ribeiro et al. 2009b; Ribeiro et al. 2009c) . Concerning ibuprofen, available data is very sparse and only embrace its occurrence in wastewaters (Salgado et al. 2010; Sousa et al. 2011) .
In this context, ibuprofen monitoring studies in Portuguese aquatic environment are required, entailing different types of environmental samples. Since no data are available for surface waters, hospital effluent, and landfill leachate, particular attention needs to be paid to these types of samples. The aim of the present work was to develop an analytical methodology to evaluate the presence of ibuprofen in the aquatic environment in order to provide a first overview of the occurrence of ibuprofen in surface waters in north of Portugal. Douro river was used as a case study to understand how WWTP and hospital effluents, and landfill leachate contribute to the introduction of ibuprofen into surface waters.
Material and methods

Reagents, solvents, and materials
Acetonitrile, acetone, and methanol HPLC grade, formic acid (purity ≥98.0 %) were obtained from Merck (Darmstadt, Germany), glacial acetic acid (purity ≥99.7 %) and hydrochloric acid 37 % were obtained from Carlo Erba (Rodano, Italy), and sodium hydroxide (purity ≥98.0 %) was obtained from Panreac (Barcelona, Spain). Ibuprofen was purchased from Sigma-Aldrich (Steinheim, Germany).
Ultrapure water (18.2 MΩ cm; Millipore, Molsheim, France) was used for solid phase extraction (SPE) procedure and to prepare mobile phase in liquid chromatography.
A stock standard solution of ibuprofen was prepared by dissolving 2.3 mg of the powder in 10 mL of acetonitrile and stored at −20°C. Working standard solutions were daily prepared from the stock standard solution using acetonitrile as solvent and kept at 4°C prior to analysis. Amber glassware was used to prevent light degradation of ibuprofen.
All standard solutions and sample extracts were filtered through a 0.20-μm PTFE syringe filter (Teknokroma, Barcelona, Spain) and homogenized using a vortex mixer (Nahita 681/5, Navarra, Spain). All chromatographic solvents were filtered through a 0.20-μm nylon membrane filter (Supelco, Bellefonte, PA, USA) using a vacuum pump (Dinko D-95, Barcelona, Spain) and degassed for 15 min in an ultrasonic bath (Raypa® Trade, Terrassa, Spain).
Geographical characterization and sample collection
Twelve rivers, one stream, and one estuarine zone from north of Portugal (Fig. 1 ) were studied and they were characterized in Table 1 . Douro, Ave, Lima, Minho, and Leça rivers flow into the Atlantic Ocean nearby the cities of Porto/Vila Nova de Gaia, Vila de Conde, Viana do Castelo, Caminha, and Matosinhos, respectively. All these rivers pass through different regions that include densely populated areas, industrial poles, and large agricultural fields, which, as a whole, contribute to their pollution. Ria de Aveiro is an estuarine system in the northwest of Portugal formed by a complex system of channels and wide intertidal areas. It is connected to the Atlantic Ocean by an artificial inlet at the west side. The whole estuary is heavily influenced by human activities, including tourism, fishery and aquaculture, commercial harbors, agriculture, and industry. Rabaçal, Tinhela, Cabrum, Tâmega, and Uíma rivers are tributaries from Douro river. The first three tributaries are mainly located in rural areas crossing agricultural fields. Oppositely Tâmega and Uíma rivers pass through urban areas receiving discharges from industries and WWTP effluents. Ul, Moscoso, and Caima rivers are tributaries from Ria de Aveiro estuarine zone. Douro river was used as a case study to understand how ibuprofen is introduced in surface water and to identify critical points. For that, effluents of three WWTPs located along its extension, which cover rural and urban areas, were collected. Their characterization is described in Table 1 . The effluents of four hospitals of the metropolitan area of Porto were also studied as well as the landfill leachate from a landfill located near to Porto, which serves a population of 464,000 inhabitants, and discharges an average leachate volume of 260 m 3 day −1 directly into Douro river, after treatment. Ibuprofen mass loading from WWTP effluents and landfill leachates was calculated multiplying the ibuprofen concentration by the flow rate of wastewater, while for calculating the hospitals contribution the estimated water consumption data provided by the hospitals was used (Table 1) . Surface water samples (2.5 L) were collected from different sampling points in order to cover the north of Portugal, as shown in Fig. 1 . Samples (2.5 L) from WWTP effluents, hospital effluents, and landfill leachates were also collected (Table 1) . Sampling campaigns were performed between March 2010 and September 2011. Sample collection, preservation, and storage were done according to the US EPA Method Guideline (USEPA 2007). River samples were collected on the river side and all samples were collected in amber glass bottles and kept refrigerated (±4°C) during the transport to the laboratory. All water samples were vacuum filtered through 1.2-μm glass microfiber filters (GF/C, Whatman, UK), followed by 0.20-μm nylon membrane filters (Supelco, Bellefonte, PA, USA) and stored at −20°C, until extraction. Prior analysis, the samples' pH was adjusted with hydrochloric acid (2 M).
Analytical procedure
The analytical procedure described in this section was optimized with respect to conditions of pre-concentration and liquid chromatography.
Analysis of ibuprofen was based on pre-concentration of the samples prior to chromatographic analysis by SPE using LiChrolut EN/RP-18 cartridges (Merck, Poland), which gave the best recoveries, and a vacuum manifold system (Phenomenex, USA). The SPE procedure was adapted from Kot-Wasik et al. (2006) . Summarily, SPE cartridges were conditioned with 5 mL of acetone followed by 5 mL of methanol and 5 mL of water (pH 2.2) at a flow rate of 3 mL factorial design. Best recoveries were obtained combining a sample pH of 2.2 and a sample volume of 600 mL. Chromatographic separation was performed using a Shimadzu LC system (Shimadzu Corporation, Kyoto, Japan) equipped with a LC 20AB pump, a DGU-20A5 degasser, a SIL 20A autosampler and a RF-10A XL fluorescence detector (FLD). A Luna C18 column (5 μm, 4.6× 150 mm, Phenomenex, USA) with a security guard column (4.0× 3.0 mm, Phenomenex, USA) was used. Optimum chromatographic performance was obtained for the following conditions: isocratic elution at 0.8 mLmin −1 using water (pH 3, adjusted with acetic acid) as eluent A and acetonitrile as eluent B in a mixture 50:50 (v/v). The injection volume was 20 μL and analysis was made at room temperature (20± 1°C). Fluorescence detection was carried out at an excitation/emission wavelength pair of 220/290 nm. LCsolution software version 2.1 (Shimadzu Corporation, Kyoto, Japan) was used for control and data processing. Using the described experimental conditions, ibuprofen retention time was 18.68 min. Identification of ibuprofen was based on its retention time, the excitation/emission pair wavelength and in the standard addition method, which allows the identification and quantification of ibuprofen in the samples and simultaneously overcome the negative effects of matrix.
Method validation
The validation of the developed analytical methodology was done for river water, hospital and WWTP effluent and landfill leachate and comprised the determination of linearity, limit of detection (MDL), limit of quantification (MQL), recovery, precision, and matrix effects. Calibration curves generated using linear regression analysis and over the established concentration range (50-1,800 μgL −1 ) gave good fits (r 2 >0.999). A nine point calibration curve was daily performed, and the possible fluctuation in signal intensity was checked by injecting a standard solution at two concentration levels after each eight injections. Detailed analytical quality assurance data is shown in Table 2 . Extraction recoveries, determined for the different matrices at three final concentration levels (0.33, 0.67, and 1.50 μg L −1 ), ranged from 98 % to 103 %. SPE procedure allowed a pre-concentration factor of 600 in samples, which gave MDL and MQL ranging from 6 to 261 and 23 to 872 ng standard and seven replicates of a 330 ngL −1 spiking level in river water. Results showed a precision of 0.50 % and 1.73 % for standard and 1.46 % and 2.05 % spiked river water from intra-and inter-day precision, respectively. Matrix effects in the fluorescence signal were evaluated by preparing different calibration curves in river, hospital effluent, WWTP effluent, and landfill leachate extract, and comparing them with one achieved for the standards prepared in acetonitrile. Blanks (samples with no addition of the standard) were assayed simultaneously in order to subtract the levels of ibuprofen present in the sample. Calibration curves obtained in solvent and in river and WWTP effluent extract exhibited similar slopes and Yintercept, indicating a negligible matrix effect. On the other hand, for hospital effluent and landfill leachate, higher slopes, and Y-intercepts were found, indicating a pronounced matrix effect (data not shown). These results justify the use of the standard addition method, in order to reduce the matrix effects.
Environmental risk assessment
Environmental risk assessment posed by ibuprofen on aquatic ecosystems was estimated by calculating the risk quotient (RQ), using three different representative trophic levels of the ecosystem, namely algae, daphnids, and fish. RQs were determined as the ratio between measured concentrations of ibuprofen (MEC) and its predicted non-effect concentration (PNEC). Concentrations measured during this monitoring study were used as MEC values, while PNEC values were estimated from the lowest ecotoxicological data found in literature (effective concentration-EC 50 ) for acute toxicity studies carried out with species belonging to the different trophic levels evaluated and applying an assessment factor of 1,000, which allows to account for extrapolation from intra-and inter-species variability in sensitivity (Sanderson et al. 2003) . If RQ is equal or above to 1, there is a potential environmental risk; whereas, RQ lower than 1 indicates no risk .
Results and discussion
Occurrence of ibuprofen in Portuguese surface waters
The developed method was applied to identify hot spots of contamination by the anti-inflammatory drug ibuprofen in surface waters of north of Portugal, namely 12 rivers, 1 stream, and 1 estuarine zone. Sampling sites were distributed between urban and rural areas, having a special focus in the northwest coast, where there are a higher population density and distinct contamination sources, such as industry, WWTP and hospital effluents. River water was also collected downstream of three WWTPs and other vulnerable sites, according to the demographic distribution. Due to Douro river extension, which passes through densely populated areas, industrial parks and large agricultural fields, sampling was made in order to cover all its extension and some of its tributaries to understand their contribution in the introduction of ibuprofen in the aquatic environment. Table 3 summarizes ibuprofen concentration range in surface waters from north of Portugal.
It is noticeable that ibuprofen was detected in all main rivers (Douro, Minho, Ave, Lima, and Leça), in Ria de Aveiro estuarine zone and one of its tributaries, and in two Douro river tributaries with concentrations that can reach 723 ngL −1 . In general, higher concentrations of ibuprofen were detected in the coast area near to the river mouths, which run through large cities. Five of the studied rivers flow into the Atlantic Ocean in the northwest coast. These results suggest that the presence of this pharmaceutical could be related to human influence, such as the input of WWTP and hospital effluents. In fact in one sampling site of Lima river (R17), the negative impact of human activity is very clear, since it is possible to see an untreated sewage discharge entering directly into the river. This sample showed the highest ibuprofen concentration detected in the analyzed surface waters. Ria de Aveiro estuary findings can be justified due to the location of the estuary in an urban area, affected by human activities. Additionally, three tributaries of this estuarine zone were also analyzed, and ibuprofen was only detected at the sampling site of Moscoso stream (ET2 ; Table 3 ), reporting the resembling levels of contamination (229 ngL −1 ). Regarding Douro river, sampling was done along the river, starting in Pocinho-Vila Nova de Foz Côa (R1; 30 km after the river enter in Portugal) and samples were collected approximately each 30 km downstream to the river mouth. The possible impact of WWTP effluents of urban and rural areas, which cover different population densities, in the Douro receiving waters was also evaluated. For instance, a low level of ibuprofen (46 ngL −1 ) was detected in 
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Ul river ET1 n.d. - the effluent of a WWTP located in a rural area (WWTP1); but in the Douro receiving water (R2), it was not possible to detect this, probably due to the dilution effect. On the other hand, ibuprofen was not detected near the discharge point of a small WWTP (WWTP2) located in an urban area. These results are in agreement with literature that described variations in the ibuprofen removal rate between 75 % and more than 98 % (Zorita et al. 2009 ), depending on the efficiency of the treatments used in the WWTP as well as the seasonal conditions (Ziylan and Ince 2011) . Higher levels of ibuprofen in WWTP effluents in Portugal have been previously reported (Salgado et al. 2010; Sousa et al. 2011) . During its course, Douro river receives several tributaries. Some of them were analyzed, showing the presence of ibuprofen in Tâmega and Uíma rivers, at concentrations that can reach 359 and 173 ngL −1 , respectively, although it could not be detected after they met Douro river. It should be noticed that in Uíma river, ibuprofen was only detected in one sampling site (T5) located downstream of a WWTP (WWTP3), which had an estimated daily mass loading of 589 mg day −1 (Table 3) . Non-detection of ibuprofen in some of the tributaries may be attributed to dilution by river water or to their location in rural areas. The presence of ibuprofen was only detected in the samples collected near to the Douro river mouth, where it crosses the city centre of Porto and Vila Nova de Gaia, at levels between 138 and 232 ngL −1 .
This could be explained by the presence of two of the largest WWTPs, which serve Porto city (approximately 370,000 inhabitants) and discharge their effluents into Douro river . These results are in agreement with previously published data that showed the presence of other pharmaceuticals in the lower part of Douro river (Madureira et al. 2009; Madureira et al. 2010; Ribeiro et al. 2009c) . Going into the contribution of hospital effluents in surface waters contamination by ibuprofen, four hospitals (two general, a paediatric, and a maternity), which send their effluents to WWTPs located in Douro river area, were analyzed. Ibuprofen was found in all hospital effluents showing estimated daily mass loadings from 162 to 2,193 mgday −1 for maternity (H4) and general (H2) hospitals, respectively (Table 3 ). In view of the scarce data of landfill leachates as contamination sources of surface waters, a landfill located in Porto area, which leachates are discharged into the Douro river, was also pointed out in this study. Contamination levels from 9,761 to 48,720 ngL
were found, representing an estimated daily mass loading of ibuprofen to Douro river up to 12,681 mgday −1 . These high concentrations of ibuprofen in landfills could be explained by its high consumption among Portuguese population, given that ibuprofen is in the top ten of the most prescribed pharmaceuticals in Portugal (INFARMED 2012) and unused medicines might be eliminated in household wastes. Ibuprofen concentrations in landfill leachates at micrograms per liter level were also reported by Eggen et al. (2010) Valcárcel et al. 2011) , where much higher concentrations were pointed out. The presence of ibuprofen in hospital effluents was also described in several studies, ranging from 90 ngL −1 in Norway (Weigel et al. 2004a ) to 151,000 ngL
in Spain (Gómez et al. 2006) , and in WWTP effluents with concentrations between 18 ngL −1 in USA (Thomas and Foster 2004) and 28,000 ngL −1 in Spain (Gómez et al. 2007 ). Once again, the results obtained for hospital and WWTP effluents are in accordance with data presented in literature.
Environmental risk assessment
Due to environmental concentrations of ibuprofen exceeded the 10 ngL −1 safety threshold established by European
Medicines Agency (EMA) (Gros et al. 2010) , ecotoxicological risk was evaluated in surface waters, WWTP effluents, and landfill leachates in order to assess the potential risk of ibuprofen for aquatic organisms. Acute EC 50 values of ibuprofen used in this study were collected from literature and are summarized in Table 4 . As no experimental values were available for fish, an EC 50 estimated with ECOSAR was used (Sanderson et al. 2003) . According to the EU directive 93/67/EC, ibuprofen can be classified as toxic for the environment (1<EC 50 < 10 mgL −1 ; Sanderson et al. 2003) . Table 5 shows the risk quotients obtained for fish, Daphnia, and algae in the river, WWTP effluents, and landfill leachates where ibuprofen was quantified. Ibuprofen showed RQ greater than 1 in landfill leachates, indicating a potential environmental risk for aquatic organisms. In rivers and WWTP effluents RQ were below 1, so it is assumed that there is no risk. When the three bioassays are compared, algae appear to be the most sensitive organisms, followed by fish and Daphnia. These results are in agreement with Ginebreda et al. (2010) , who also reported a higher sensitivity of algae to pharmaceuticals. However, this evaluation is only focused on the toxicity that an individual compound (ibuprofen) may cause to aquatic organisms, but in the aquatic environment, pharmaceuticals are present as mixtures of a great variety of different therapeutic classes, which may reveal synergic or additive effects, exhibiting higher toxicities than single compounds, even a lower concentrations, as was shown by Cleuvers (2003) for ibuprofen.
Conclusions
The occurrence of ibuprofen in surface waters of north of Portugal was reported, showing its presence in all the main rivers and in the estuarine zone, principally near the river mouths, at concentrations of some hundreds of nanograms per liter. Due to its high consumption rate among Portuguese population, hospitals, WWTPs, and landfills were identified as hot spots of contamination, contributing to the loading of ibuprofen into surface waters. Landfill leachates showed the highest contribution for the loading of ibuprofen into surface waters; therefore, more attention should be paid to these kinds of facilities. The information obtained represents an important base for further studies due to the highest concentrations observed in the northwest area, near to the coast. Environmental risk assessment was evaluated showing that there is no expected ecotoxicological risk for aquatic organisms due to the presence of ibuprofen in surface waters and WWTP effluents, while, after treatment, landfill leachates pose a potential risk for aquatic organisms. However, the environmental risk assessment carried out in this work has been focused in the individual toxicity of ibuprofen and the potential for synergic or additive effects should be also taken into account. As a consequence of the findings for ibuprofen in surfaces waters of north of Portugal, more studies are needed as an attempt to assess more vulnerable areas and to better understand its impact in public health and its risk for aquatic organisms.
